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In ascidian eggs, the existence of several localized maternal cytoplasmic determinants has been proposed and the importance of localized
mRNAs for tissue differentiation has been demonstrated. We previously identified the ascidian Y-box proteins (CiYB1, 2 and 3), homologues
of which are known to be involved in the storage of maternal mRNA in oocytes of other organisms. In this study, we found that CiYB1
protein is abundant in the gonad, egg, and embryo. Purification of messenger ribonucleoprotein (mRNP) particles from the gonad revealed
that CiYB1 was one of their major components. A significant change in the distribution of CiYB1 protein from stored mRNP particles in the
gonad to the ribosome fraction in eggs and embryos was observed. This change correlates most likely with the shift of stored maternal
mRNAs to polyribosomes. Moreover, we found that CiYB1 colocalized with Cipem and Ci-macho1 mRNAs, which are localized at the
posterior end of the embryo at the cleavage stage. Cipem and Ci-macho1 mRNAs were co-immunoprecipitated with CiYB1 in the oocyte and
embryo lysates. The formation of a complex between Cipem mRNA and CiYB1 protein resulted in translational repression in the in vitro
translation system. Our results indicate that associating with CiYB1 protein contributes to the translational control of the localized mRNA in
eggs and embryos.
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In animal oocytes, a large pool of maternal mRNA is
accumulated in the cytoplasm, which offers crucial infor-
mation for the early developmental process. These maternal
mRNAs are sequestered or masked from the translational
apparatus as storage messenger ribonucleoprotein (mRNP)
particles (Davidson, 1986). In general, as transcriptional
activity is limited during the early stages of development,
early developmental decisions are achieved in large part
through the regulated translation of maternal mRNAs.
Translational activity is temporally controlled, that is, a
specific set of mRNAs must be recruited to the ribosomes0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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maturation, at fertilization, and in early embryogenesis
(reviewed by de Moor and Richter, 2001; Voronina,
2002). Thus, elucidation of the molecular mechanisms
responsible for this control is relevant to understanding
how the egg produces the complicated and highly organized
body plan of animals.
Translation of maternal mRNAs is also regulated spatially.
It is known that in several organisms such as Drosophila and
Xenopus, mRNAs localized in specific regions of oocytes
play essential roles in the patterning of early embryos and
axis formation (Berleth et al., 1988; Gavis and Lehmann,
1992;Melton, 1987; Thomsen andMelton, 1993l;Weeks and
Melton, 1987; reviewed by Kloc et al., 2002). Localization of
mRNA is one way to generate asymmetric distributions of
important regulatory proteins for cell specification. Subse-
quent cell division separates localized cytoplasmic factors,
mRNAs, and/or proteins into specific blastomeres.
The ascidians provide an ideal system to study cell fate
determination and embryo patterning (reviewed by Satoh,
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restriction of blastomeres to a single cell type is almost
completed as early as the 110-cell stage (Nishida, 1987).
On the basis of experimental and molecular embryological
studies, it has been well established that the muscle, endo-
derm, and epidermis are formed by cell-autonomous pro-
cesses (reviewed by Satoh, 1994). Early last century, Conklin
(1905) showed that the partitioning of the myoplasm, the
yellow-colored egg cytoplasm that forms a crescent in the
posterior-vegetal region of eggs, is mostly distributed to the
muscle precursor cells (Conklin, 1905). Later studies includ-
ing the transplantation of egg cytoplasm from specific
regions to the nonmuscle blastomere revealed the existence
of various kinds of maternal determinants, that is, muscle,
endoderm, and epidermis determinants and determinants for
axis specification and their localized regions (reviewed by
Nishida, 1997). It is also known that inductive cell inter-
actions at the 32-cell stage are required for the formation of
notochord and mesenchyme (reviewed by Nishida, 2002a).
However, localized cytoplasmic factors that are inherited by
the precursor cells of notochord or mesenchyme are respon-
sible for the responsiveness for the induction from endoderm
precursors (reviewed by Nishida, 2002b). Although the
identity of most of these maternal factors has not been
clarified, recent studies provided evidence that localized
maternal mRNAs play pivotal roles in early development
(Kobayashi et al., 2003; Kondoh et al., 2003; Yoshida et al.,
1996). Interestingly, most of the localized maternal mRNAs
have been found in the posterior-vegetal region of eggs, the
so-called postplasm (Sasakura et al., 2000). These posterior-
vegetal localized mRNAs are called postplasmic mRNAs.
Recent study revealed that one of the localized mRNAs,
macho-1 in the ascidian Halocynthia roretzi, appears to
represent the muscle determinant (Nishida and Sawada,
2001). Another candidate for such maternal determinants is
pem-1 for the posterior end mark in Ciona savignyi, whose
overexpression in fertilized eggs results in a deficiency of the
anterior-most adhesive organ, dorsal brain, and sensory
pigment cells (Yoshida et al., 1996).
We previously isolated alternatively spliced cDNAs
encoding the Ciona intestinalis Y-box proteins, CiYB1,
CiYB2, and CiYB3 (Wada et al., 1998). Eukaryotic Y-box
proteins share a nucleic acid binding domain, the cold shock
domain, which is highly conserved from bacterial major
cold shock proteins to vertebrate Y-box proteins (reviewed
by Matsumoto and Wolffe, 1998; Sommerville, 1999).
Bacterial cold shock proteins and vertebrate Y-box proteins
bind to DNA sequences that regulate the transcriptional
activity of various genes (reviewed by Graumann and
Marahiel, 1998; Ovchinnikov et al., 2001; Sommerville,
1999; Wolffe, 1994). Members of the Y-box protein family
also regulate translation by associating with mRNA in
oocytes as well as in somatic cells (Bouvet and Wolffe,
1994; Davydova et al., 1997; Ranjan et al., 1993). In
Xenopus oocytes, the Y-box proteins, mRNP3 and its
homologue FRGY2/mRNP4, were identified as majorRNA binding components of translationally repressive stor-
age mRNPs (Darnbrough and Ford, 1981; Murray et al.,
1992; Tafuri and Wolffe, 1990). FRGY2 represses transla-
tion of reporter mRNAs in the in vitro translation system
and in oocytes (Bouvet and Wolffe, 1994; Kick et al., 1987;
Matsumoto et al., 1996). Previous study has suggested but
not proven that a decrease in the number of FRGY2
molecules associating with maternal mRNA precedes the
recruitment of mRNA to the translational machinery in early
development (Tafuri and Wolffe, 1993). Association with
the Y-box proteins also leads to the stabilization of mRNAs
(Evdokimova et al., 2001; Matsumoto et al., 2003). In our
previous study, we showed that CiYB1 is highly homolo-
gous to the vertebrate Y-box proteins including FRGY2 in
terms of primary structure and RNA binding activity (Wada
et al., 1998). Moreover, CiYB1 and CiYB2 mRNAs are
expressed in oocytes. We proposed a potential role for
CiYB1 in the masking of maternal mRNAs as a component
of the cytoplasmic determinants (Wada et al., 1998). Com-
pared with the progress made in the identification of
localized mRNAs in ascidian eggs, the molecular nature
and the functions of the proteins associating with these
mRNAs are poorly understood.
In this study, using a biochemical fractionation of the C.
intestinalis oocyte, we found that CiYB1 was one of the
major components of cytoplasmic mRNPs. The amount of
CiYB1 decreased as the early development proceeded, with
a change in its distribution from ribosome-free mRNPs in
oocytes to polysomal fractions in embryos. Immunocyto-
chemical analysis revealed the cytoplasmic localization of
CiYB1 protein with strong signals in the posterior-vegetal
region of fertilized eggs. These results prompted us to test
whether CiYB1 protein is associated with postplasmic
mRNAs. Whole-mount in situ hybridization followed by
immunocytochemistry, together with the immunoprecipita-
tion analysis, indicated that CiYB1 was colocalized and
indeed complexed with Cipem and Ci-macho1 mRNAs, C.
intestinalis homologue of pem-1 and macho-1 mRNAs,
respectively (Satou et al., 2002a; Yoshida et al., 1997).
Following treatment with nocodazole, the localization of
Cipem mRNA and CiYB1 protein in the posterior-vegetal
region of fertilized eggs was impaired, yet CiYB1 remained
associated with Cipem mRNA in these eggs. In the in vitro
translation systems, CiYB1 repressed translation of Cipem
mRNA. Our results show that CiYB1 protein is likely to be
involved in the translational control of postplasmic mRNAs
as a component of maternal mRNPs whose proper locali-
zation was dependent upon microtubules.Materials and methods
Biological materials
The ascidian C. intestinalis was collected near Onagawa
Education and Research Center of Marine Bio-Resources
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inseminated with a diluted sperm suspension from other
individuals. Fertilized eggs were reared at 16jC. At this
temperature, first cleavage takes place about 60 min after
insemination, and tadpole larvae hatch about 20 h after
insemination. Inhibition of the first and second phases of
ooplasmic segregation was carried out using 2 AM nocoda-
zole (Sawada and Schatten, 1989; Zolokar, 1974). Adult
tissues were collected using scissors from individual adults.
Adult tissues were frozen with liquid nitrogen and stored at
80jC.
Recombinant proteins
To construct a CiYB1 expression plasmid, CiYB1 cDNA
was digested with BglII and XhoI and inserted into the
BamHI–XhoI site of pET28b (Novagen). To obtain 6
histidine-tagged CiYB1 protein, Escherichia coli strain
BL21(DE3) was transformed with the plasmid. Recombi-
nant CiYB1 protein was overexpressed by the addition of
isopropyl h-D-thiogalactopyranoside to the bacterial culture.
Bacterial cells were sonicated in 20 ml of sonication buffer
consisting of 20 mM sodium phosphate, pH 8.0, and 100
mM NaCl. The cell lysate was centrifuged at 12,000  g for
10 min, and the supernatant was applied to a Ni-NTA
Superflow affinity column (Qiagen). The column was
washed with sonication buffer containing 20 mM imidazole.
Proteins eluted from the column with sonication buffer
containing 100 mM imidazole were dialyzed against buffer
S [50 mM sodium phosphate, pH 7.2, 5 mM EDTA, 1 mM
dithiothreitol (DTT), and 1 mM phenylmethylsulfonyl fluo-
ride (PMSF)] containing 100 mM NaCl. The dialyzed
materials were applied to an SP Sepharose (Amersham
Pharmacia Biotech) column. CiYB1 was eluted with buffer
S containing 1 M NaCl and then dialyzed against phos-
phate-buffered saline (PBS). The CiGRP1 recombinant
protein was prepared as described previously (Tanaka et
al., 2000).
Antibodies and immunoblotting
Protein extracts were prepared by homogenizing the
tissues and embryos in a solution of 10 mM HEPES, pH
7.9, 10 mM KCl, 1 mM MgCl2, 0.5 mM DTT, and 0.5 mM
PMSF. Immunoblotting analysis was performed as de-
scribed (Matsumoto et al., 1999). Polyclonal antiserum
against CiYB1 was produced by injecting a rabbit with
the purified recombinant CiYB1 (see above) following
standard procedures. The antiserum was used at a dilution
of 1:10,000 for the primary antibody.
Oligo(dT)-cellulose chromatography and identification of
CiYB1 protein
Two hundred microliters of C. intestinalis oocytes in
gonad were homogenized in 500 Al of 10 mM Tris–HCl,pH 7.5, 50 mM NaCl, 2 mM MgCl2, 8% glycerol, 1 mM
DTT, and 100 U/ml RNase inhibitor. Oligo(dT)-cellulose
chromatography was performed as described previously
(Matsumoto et al., 2000), except that the bound fraction
was eluted with 10 mM Tris–HCl, pH 7.5, and 1 mM
EDTA at 65jC. Ciona gonad lysate and the eluate were
analyzed by SDS-PAGE, followed by silver staining and
immunoblotting with anti-CiYB1 serum. Tandem mass
spectrometric analyses of the tryptic peptides were carried
out by the Research Resources Center of RIKEN. The
resulting tryptic peptide mass data were matched against
the CiYB1 amino acid sequence using the Mascot program.
Nicodenz gradient centrifugation
Gonad, eggs, and embryos were homogenized in 200
Al of buffer N (20 mM HEPES, pH 7.4, 10 mM MgCl2, 200
mM KCl, 100 U/ml RNase inhibitor, and 0.5% NP-40) and
centrifuged in a microtube at 12,000  g for 10 min. The
supernatant was then loaded on a 20–60% Nicodenz
gradient prepared in buffer N and centrifuged at 40,000
rpm in a P50S2 rotor (Hitachi) for 20 h at 4jC (Tafuri and
Wolffe, 1993; Matsumoto et al., 2000). The samples were
collected from the top of the gradient in 21 fractions of 200
Al by a piston gradient fractionator (Biocomp). Ten micro-
liters of each fraction was analyzed by SDS-PAGE follow-
ing Coomassie brilliant blue staining and immunoblotting.
Fifty microliters of each fraction was digested with 200 Ag/
ml proteinase K at 37jC for 1 h to prepare RNA. RNAwas
analyzed by electrophoresis in a 1% agarose gel containing
formaldehyde, transferred to a nylon membrane, and hy-
bridized with a biotin-labeled oligo(dT)20 probe (Roche) or
32P-labeled DNA probe corresponding to the Cipem se-
quence (Yoshida et al., 1997).
Immunostaining and fluorescence in situ hybridization
For the immunocytological staining, ovaries, eggs, and
embryos were fixed with 100% methanol and were embed-
ded in Polyester Wax (BDH Chem., UK; Steedman, 1957).
Sectioned specimens were stained with rabbit anti-CiYB1
serum (1:100), rabbit preimmune serum (1:100), mouse
anti-neurofilament 160 monoclonal antibody (clone NN18,
Sigma), and mouse anti-a-tubulin monoclonal antibody
(ICN) according to the method described previously (Chiba
et al., 1999) with minor modifications. The secondary anti-
bodies were Alexa Fluor 488-conjugated goat anti-rabbit
IgG antibody and Alexa Fluor 568-conjugated goat anti-
mouse IgG antibody (Molecular Probes). Whole-mount in
situ hybridization was performed using digoxigenin-labeled
antisense probes as described (Satou et al., 1995) with
several modifications. Hybridization signals and the CiYB1
expression were detected with mouse anti-digoxigenin
monoclonal antibody (Roche) and anti-CiYB1 serum, fol-
lowed by Alexa Fluor 568-conjugated goat anti-mouse IgG
antibody and Alexa Fluor 488-conjugated goat anti-rabbit
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observed under a laser confocal microscope (Leica TCS-
NT). Control embryos hybridized with sense probe did not
show signals above background.
Immunoprecipitation, Northern blotting, and RT-PCR
Anti-CiYB1 serum or preimmune serum was incubated
with protein G Sepharose 4 Fast Flow (Amersham Pharma-
cia Biotech) in 100 mM Tris–HCl, pH 8.0. After the
antibody-coupled beads were washed with 100 mM Tris–
HCl, pH 8.0, they were equilibrated with 10 mM Tris–HCl,
pH 8.0. Ciona gonad was homogenized in 500 Al of OH
buffer (20 mM HEPES, pH 7.3, 2 mM MgCl2, 1 mM DTT,
0.5 mM PMSF, and 80 U/ml RNase inhibitor) containing
100 mM NaCl. The homogenate was cleared by centrifu-
gation in a microcentrifuge at 15,000 rpm for 10 min at 4jC.
The supernatant was preabsorbed with protein G Sepharose
beads for 30 min at 4jC and then mixed with antibody-
coupled beads for 2 h at 4jC on a rotator. The beads were
washed extensively with OH buffer containing 175 mM
NaCl, and the bound materials were eluted with OH buffer
containing 100 mM NaCl and 2% SDS at 65jC for 10 min.
RNA was isolated from the eluates with ISOGEN (Nippon-
gene, Tokyo, Japan) according to the manufacturer’s
instructions. The isolated RNAwas analyzed by electropho-
resis in an agarose gel containing formaldehyde. The RNA
was then transferred to a nylon membrane and hybridized
with a 32P-labeled DNA probe corresponding to the Cipem
sequences (see above). For RT-PCR, the immunoprecipi-
tated RNA was used as a template for cDNA synthesis
with the oligo(dT)12–18 primer using a Superscript II first
strand synthesis system (Invitrogen). A 0.5-Al aliquot of
each reaction was taken for PCR amplification using
8 pmol of primers specific for Cipem (5V-GGCTCC-
CTGTCCCTCAAGCCAGC-3 V and 5 V-CTCGGC-
TGTACTTTGCACTTGCTC-3 V) o r Ci -macho1
(5V-CGCGATCAAGTCACATCACTCTCGCC-3V and 5V-
GTGTGGGTGGGAATGTGCGAGACG-3V) or CiTBB1
(5V-GCGCTGAGCTCGTCGACTCCG-3V and 5V-GATCA-
CATGCAGCCATCATG-3V) and 0.5 U of AmpliTaq Gold
(Applied Biosystems). The products of the amplification
were analyzed by electrophoresis in a 1% agarose gel
alongside the standards generated by amplification of cDNA
prepared from total RNA at each stage of embryogenesis.
Complex formation and gel retardation assay
A partial CiTBB1 cDNA fragment was prepared by PCR
from Ciona oocyte total RNA and used as a probe to screen
a Ciona oocyte cDNA library in pBluescript vector (Stra-
tagene). The capped Cipem and CiTBB1 mRNAs were
synthesized from linearized pBS Cipem (a gift from Dr. S.
Yoshida) and pBS CiTBB1 plasmids with a T7 mMassage
mMachine kit (Ambion) in the presence of [a-32P]UTP. In
standard reactions, 200 fmol of in vitro synthesized mRNAand various amounts of recombinant CiYB1 protein and
CiGRP1 protein were incubated at 30jC for 20 min in a
12.5-Al reaction mixture consisting of 10 mM triethanol-
amine, pH 7.9, 50 mM KCl, 4 mM MgCl2, 1 mM DTT, and
2 U/Al RNase inhibitor. Each binding reaction was electro-
phoresed in a 0.9–1% agarose gel in 0.5 Tris–borate/
EDTA buffer (Matsumoto et al., 2000, 2003). The gel was
then dried and subjected to autoradiography.
In vitro translation
Two hundred femtomoles of Cipem and CiTBB1 mRNAs
was incubated with CiYB1 under the standard conditions
(see above). For in vitro translation in wheat germ extract,
an aliquot (6.5 Al) was then incubated at 25jC for 2 h in a
25-Al reaction mixture consisting of 12.5 Al of wheat germ
extract (Promega), 20 AM each of the amino acids including
5 ACi of [35S]methionine and 20 units of RNase inhibitor.
The mixture was digested with RNase A and analyzed by
SDS-PAGE as described previously (Matsumoto et al.,
1996). To analyze the stability of Cipem and CiTBB1 RNAs,
the RNA was recovered from 10 Al of each reaction with
ISOGEN. The recovered RNAs were analyzed by electro-
phoresis in an agarose gel containing formaldehyde. The gel
was then dried and exposed to an imaging plate. The
radioactivities of translational products were quantified
using a BAS2500 Image Analyzer (Fuji Film).Results
Tissue distribution and temporal expression of CiYB1
Previously, we showed the expression of CiYB1mRNA in
oocytes and in early embryos (Wada et al., 1998). Here, we
tried to obtain biochemical and immunological evidence of a
role for CiYB1 in the masking of maternal mRNA. To this
end, we first prepared recombinant CiYB1 protein overex-
pressed in E. coli. After two successive chromatographical
steps, the 6 histidine-tagged CiYB1 showed >90% homo-
geneity on Coomassie brilliant blue staining following SDS-
PAGE (Fig. 1A). AlthoughCiYB1 cDNA encodes a predicted
protein of 320 amino acids in length and 36.7 kDa in
molecular mass, the purified recombinant protein had an
apparent mobility of 55 kDa. However, a comparison of
molecular mass from this type of electrophoresis may not be
possible for Y-box proteins as these proteins migrate anom-
alously on the gels even in the presence of SDS and
sulfhydryl reagents (Deschamps et al., 1992; Tafuri et al.,
1993). By using this preparation as an immunogen, we
prepared anti-CiYB1 serum. This serum recognized the
recombinant CiYB1 as well as an endogenous protein as a
single band of 52 kDa in C. intestinalis gonad lysates in
immunoblotting (Fig. 1A). The difference of apparent mo-
lecular mass between the recombinant CiYB1 and the en-
dogenous 52 kDa protein may be due to the presence of the
Fig. 1. Tissue distribution and temporal expression of CiYB1. (A) Total gonad protein (lane 1) and recombinant CiYB1 purified from E. coli (lane 2) were
analyzed by SDS-PAGE and stained with Coomassie brilliant blue along with molecular weight markers (lane M). Total gonad protein (lane 3) and the
recombinant CiYB1 (lane 4) were subjected to immunoblotting with rabbit antiserum against the recombinant CiYB1. The anti-CiYB1 antibody recognized a
single band (52 kDa) (lower arrowhead) in Ciona gonad protein and the recombinant CiYB1 (55 kDa) (upper arrowhead). (B and C) The expression of CiYB1
protein in Ciona tissues (B) and oocytes, eggs, and embryos (C) was examined by immunoblotting. Five micrograms each of protein from the gonad (lane 1),
testis (lane 2), intestine (lane 3), body wall muscle (lane 4), pancreas (lane 5), pharyngeal gill (lane 6), small gonad (S), medium gonad (M), large gonad (L),
unfertilized eggs (UF), embryos at the 8-cell stage (8) and 64-cell stage (64), gastrula (G), neurula (N), and tailbud (TB) was analyzed.
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possible that the endogenous 52-kDa protein represents
another Y-box protein in the Ciona lysates. However, our
previous study showed that there is a single copy of the CiYB
gene in the Ciona genome, producing three species of
mRNAs, CiYB1, CiYB2, and CiYB3, by alternative splicing
(Wada et al., 1998). Overexpression of the 6 histidine-
tagged CiYB2 protein in E. coli revealed its apparent molec-
ular mass to be 42 kDa in SDS-PAGE and it was recognized
with the anti-CiYB1 serum (data not shown). CiYB3, which
lacks the C-terminal domain, must be smaller. Therefore, we
conclude that the 52-kDa protein recognized by the serum is
the endogenous CiYB1.
We then examined the expression patterns of CiYB1
protein in adult Ciona tissues by immunoblotting (Fig. 1B).
The 52-kDa protein was detected in large amounts in the
gonads and, at lower levels, in the testes. It was also detected
in intestine and pancreas at much lower levels. Thus, CiYB1
was predominantly expressed in reproductive tissues. The
anti-CiYB1 serum detected only the 52-kDa protein in adult
Ciona tissues. Thus, these results imply that the expression
levels of CiYB1 protein could be much higher than those of
CiYB2 and CiYB3. In our previous study, the mRNA levels
of CiYB1 were shown to be >100-fold higher than those of
CiYB2 and CiYB3 (Wada et al., 1998).
As CiYB1 was detected predominantly in the gonad,
we next examined its expression in gonads of different
sizes and during early development (Fig. 1C). Although a
similar level of CiYB1 expression was observed during
gonad development, a relatively high level of expression
was detected in small gonads. It should be noted that
small gonads contain only small oocytes, while large
gonads contain oocytes of different sizes. Thus, we
suppose that CiYB1 expression slightly decreases during
gonad development. Less CiYB1 protein was detected in
unfertilized eggs and the amount decreased further in
embryos during the cleavage stages. No CiYB1 protein
was detected in the gastrula. Thus, CiYB1 protein waspresent in oocytes and its levels decreased constantly
during the early development.
CiYB1 protein is a major component of mRNPs
To examine whether CiYB1 protein is associated with
the mRNA, we purified the oocyte mRNPs by oligo(dT)
cellulose chromatography according to the method de-
scribed by Darnbrough and Ford (1981) (Fig. 2). Many
protein bands were found in the oligo(dT)-bound fraction
(Fig. 2A, lane 3). The 52-kDa protein band, which corre-
sponded to the apparent molecular mass of endogenous
CiYB1 protein, was observed as one of the major band.
We have performed two control experiments to confirm that
the eluate contains mRNA or RNA binding protein com-
plexes. First, RNase treatment of the gonad lysate before the
oligo(dT) cellulose chromatography resulted in almost no
protein binding to oligo(dT) cellulose (lane 4). Second, the
presence of polyadenylated RNA was detected by the
isolation of RNA from the eluate and Northern blotting
with the oligo(dT) probe (data not shown). Immunoblotting
with anti-CiYB1 serum revealed that the major 52-kDa
protein band in the eluate corresponded to CiYB1 (lane
7). In contrast, CiYB1 was not detected in the eluate from
the RNase-treated lysates (lane 8). Furthermore, we excised
a band corresponding to the 52-kDa protein from a prepara-
tive gel and the protein was subjected to digestion with
trypsin. Fifteen tryptic peptides that matched with the
CiYB1 amino acid sequence were found by tandem mass
spectrometric analyses. These peptides altogether covered
62% of CiYB1 protein (Fig. 2B). Based on the results, we
concluded that CiYB1 was one of the major proteins that
associated with mRNA in the Ciona gonad.
Subcellular localization of CiYB1
We examined the intracellular distribution of CiYB1
protein by means of the immunofluorescent staining of
Fig. 2. (A) Purification of Ciona oocyte mRNPs by oligo(dT)-cellulose
chromatography. Total gonad lysate (1/1000 of input, lanes 1 and 5; 1/
10000 of input, lanes 2 and 6), the eluate (lanes 3 and 7), and the eluate
from the RNase-treated lysate (lanes 4 and 8) were analyzed by SDS-
PAGE, followed by staining with silver (lanes 1–4) and immunoblotting
with anti-CiYB1 serum (lanes 5–8). Arrowheads indicate the CiYB1
protein. (B) Identification of the CiYB1 protein in the oligo(dT)-bound
fraction by tandem mass spectrometric analysis. The CiYB1 amino acid
sequence is shown. The amino acids enclosed in black boxes represent the
tryptic peptides identified by mass spectrometry.
K.J. Tanaka et al. / Developmental Biology 272 (2004) 217–230222histological sections (Fig. 3). In the gonad, CiYB1 protein
was localized to the oocyte cytoplasm and concentrated in
the region surrounding the germinal vesicle (Fig. 3A). InFig. 3. Subcellular distribution of CiYB1 protein in oocytes, eggs, and embryo
completion of the first segregation (B and G) and the second segregation (C and H)
serum (A–E), preimmune serum (F), anti-neurofilament 160 antibodies (G and H)
embryos (D and I) are shown at the same magnification. Vegetal side is bottom in (
(E and J) High magnification view of the posterior region of a 16-cell embryo show
and H), and the CAB (D, E, I, and J) are indicated by yellow and white arrowheadsunfertilized eggs, CiYB1 protein was distributed in the
entire egg cytoplasm with a slight accumulation in the
vegetal half (data not shown). In ascidian eggs, fertilization
evokes dynamic rearrangement of the egg cytoplasm, called
ooplasmic segregation, resulting in the establishment of the
dorsoventral and anteroposterior axes of the embryo (Nish-
ida, 2002a). Ooplasmic segregation consists of two distinct
phases. The first phase involves the rapid movement of the
peripheral cytoplasm containing the myoplasm to the veg-
etal pole region of the egg. During the second phase of
segregation, the myoplasm shifts to the posterior equatorial
region and forms a crescent (Conklin, 1905). During the
ooplasmic segregation, CiYB1 protein was concentrated in
the myoplasm with the posterior movement of sperm aster
(compare Figs. 3B and C). The orientation of the eggs was
assessed by staining them with anti-neurofilament 160
antibodies (Figs. 3G and H; Chiba et al., 1999). At the
16-cell stage, CiYB1 protein was distributed to every
blastomere, while notably the centrosome attracting body
(CAB) contained a significant amount of CiYB1 protein
(Fig. 3D). CiYB1 seems to be colocalized with a-tubulin
after fertilization (Figs. 3D, E, I, and J).
Developmental regulation of the CiYB1 protein within the
mRNP particles
To determine whether and to what extent CiYB1 is
associated with storage mRNPs in the oocytes, we fraction-
ated the gonad lysates by ultracentrifugation through a
Nicodenz density gradient (Fig. 4). Nicodenz gradients have
been used to separate free proteins, free mRNPs that are not
associated with ribosomes, and ribosomes by their densities
(Herbert and Hecht, 1999; Tafuri and Wolffe, 1993). Thes. Histological sections of the gonad (A and F), a fertilized egg after the
, and a 16-cell stage embryo (D and I) were immunostained with anti-CiYB1
, and anti-a-tubulin antibodies (I and J). The eggs (B, C, G, and H) and the
B, C, G, and H). Posterior side is right in C and H. D and I are vegetal view.
n in D and I, respectively. The posterior cytoplasm, so-called myoplasm (C
, respectively. Follicle cells show background signals. Scale bars are 25 Am.
Fig. 4. Biochemical fractionation through Nicodenz gradients. (A) Lysate
from small gonad was fractionated through a 20–60% Nicodenz gradient.
Twenty-one fractions were analyzed by 12% SDS-PAGE and stained with
Coomassie brilliant blue along with molecular weight markers (lane M). (B)
Lysates from small gonad (S), medium gonad (M), large gonad (L),
unfertilized eggs (UF), and 16-cell embryos (16) were fractionated through
a 20–60% Nicodenz gradient. The distribution of CiYB1 protein was
examined by immunoblotting. Fractions containing free proteins (free),
mRNPs, and ribosomes were identified by protein and RNA analysis of
each gradient. (C) RNA prepared from each fraction of small gonad was
electrophoresed in an agarose gel containing formaldehyde and visualized
by staining with ethidium bromide. (D) The RNAwas transferred to a nylon
membrane. The poly(A)+ RNA was revealed by hybridization with
oligo(dT) probe. mRNP fractions and ribosomal fractions are indicated.
(E) RNA prepared from each fraction of large gonad was transferred to a
nylon membrane and hybridized with the Cipem probe.
Fig. 5. CiYB1 interacts with Cipem mRNA in vivo. Immunoprecipitation
was performed using Ciona gonad lysate with anti-CiYB1 serum (lane 2)
and preimmune serum (lane 3). RNAs were isolated from the immunopre-
cipitates and analyzed by Northern blotting with the Cipem probe. Total
RNA from the gonad lysate was analyzed in parallel (lane 1).
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each fraction and analyzing them by gel electrophoresis.
The majority of proteins were detected as free proteins, as
judged by Coomassie brilliant blue staining after SDS-
PAGE (Fig. 4A). The positions of ribosome and ribosome-
bound mRNPs were identified by detection of 28 S and 18
S ribosomal RNAs in fractions of high buoyant density
(Fig. 4C). To examine the distribution of total polyadeny-
lated RNA, the Northern blot was then probed with oli-
go(dT). The vast majority of polyadenylated RNA was
found in the fractions slightly lighter than the ribosomal
fractions, indicating that these fractions represent storagemRNPs in the oocytes (Fig. 4D; Tafuri and Wolffe, 1993).
When Ciona gonad lysates were separated through a Nico-
denz gradient and immunoblotted with anti-CiYB1 serum,
CiYB1 protein was detected mainly in the mRNP fractions
(Fig. 4B). Thus, most of the CiYB1 in oocytes is associated
with mRNA in storage mRNPs. In addition, CiYB1 was
also found in ribosome-bound mRNPs. This pattern of
distribution of CiYB1 did not change significantly during
gonad development.
The amount of CiYB1 protein was significantly de-
creased in unfertilized eggs, when compared to that in the
oocytes (Fig. 1C). Moreover, the distribution of CiYB1 in
the Nicodenz gradient differed conspicuously between these
stages (Fig. 4B). Although a trace amount was still detected
in the mRNP fractions, most of the CiYB1 was distributed
in the free proteins and ribosomal fractions in unfertilized
eggs. By the 16-cell stage of embryogenesis, the CiYB1 in
the mRNP fraction has almost disappeared.
Association of CiYB1 with postplasmic mRNAs
The strong signals for the CiYB1 protein in the myo-
plasm of the fertilized egg and in the CAB at the 16-cell
stage of embryogenesis are reminiscence of the representa-
tive localization patterns of postplasmic mRNAs (Fig. 3).
These maternal postplasmic mRNAs include those encoding
actin, macho-1, and pem-1 (see Introduction). This obser-
vation suggests that some of these localized mRNAs are
present in the mRNP particles containing CiYB1 protein. It
is conceivable that the formation of mRNPs causes the
translational regulation and translocation of some mRNAs.
To address this issue, we chose Cipem mRNA for further
analysis because it was reported that overexpression of pem-
1 in C. savignyi, the sister species of C. intestinalis, affects
the patterning of the anterior and dorsal structures of the
larva (Yoshida et al., 1996) and similar functions have
been shown for Cipem in C. intestinalis (Satou et al.,
K.J. Tanaka et al. / Developmental Biology 272 (2004) 217–2302242001). pem-1 mRNA concentrates around the germinal
vesicle in oocytes at the early stage of oogenesis (Yoshida
et al., 1997). This pattern is similar to the distribution of
CiYB1 protein in small oocytes (Fig. 3A). To test whether
CiYB1 protein is associated with Cipem mRNA in vivo, we
first performed an immunoprecipitation of the gonad lysates
with anti-CiYB1 serum (Fig. 5). Northern blotting of the
RNA recovered from the immunoprecipitates revealed that
Cipem mRNA was specifically co-immunoprecipitated with
anti-CiYB1 serum (lane 2) but not with preimmune serum
(lane 3). This result, along with the immunohistochemical
analysis (Fig. 3) and the biochemical fractionation (Fig. 4E),
indicates that CiYB1 protein is a component of Cipem
mRNPs.Fig. 6. Colocalization and association of CiYB1 protein with Cipem mRNA. Temp
association were examined by whole-mount in situ hybridization and immunocyt
fertilization (A–D), in a fertilized egg treated with nocodazol during the second
enlargement of the posterior end of the 16-cell embryo (I–K) is shown in M–O. V
are vegetal view. Posterior side is bottom in I–K and M–O. For analysis of the p
hybridized with DIG-labeled Cipem RNA probe (red; B, F, J, and N) and the labelin
followed by immunocytochemical analysis with anti-CiYB1 antibody and secon
Merged images are shown in C, G, K, and O. The posterior cytoplasm, so-called m
yellow and white arrowheads, respectively. Scale bars are 25 Am. (D, H, and L)
immunoprecipitation assay. Lysates were immunoprecipitated with anti-CiYB1 a
specific primers. RT-PCR was performed using total RNA (lane 1), RNA isolated
the immunoprecipitates with preimmune serum (lane 3), and RNA from the imm
cDNA synthesis (lane 4).Colocalization of CiYB1 with Cipem mRNA
As has been clearly shown in the case of pem-1 mRNA
in C. savignyi (Yoshida et al., 1996), Cipem mRNA was
concentrated in the myoplasm of the egg after the second
phase of segregation and marked the posterior end, where
the CAB exists, of cleaving embryos (Figs. 6B and J). To
test explicitly whether CiYB1 protein and Cipem mRNA are
colocalized within the myoplasm or the CAB, we performed
whole-mount in situ hybridization using a Cipem-specific
probe, followed by immunocytochemistry with anti-CiYB1
serum (Fig. 6). The double-staining results demonstrated a
striking colocalization of CiYB1 and Cipem mRNA within
the myoplasm of the egg after the second segregation (Fig.oral and spatial expression patterns of mRNA and CiYB1 protein and their
ochemistry in the eggs after the completion of the second segregation after
phase of ooplasmic segregation (E–H), and in 16-cell embryos (I–L). An
egetal side is bottom in A–C and E–G. Posterior side is right in A–C. I–K
attern of distribution of Cipem mRNA and CiYB1, eggs and embryos were
g visualized using anti-DIG antibody-conjugated Alexa Fluor 568. This was
dary antibody conjugated with Alexa Fluor 488 (green; A, E, I, and M).
yoplasm (A–C and E–G), and the CAB (I–K and M–O) are indicated by
The association of CiYB1 with Cipem RNA in vivo was tested using an
ntibody and the associated mRNA was detected by RT-PCR using Cipem-
from the immunoprecipitates with anti-CiYB1 antibody (lane 2), RNA from
unoprecipitates with anti-CiYB1 antibody without reverse transcriptase for
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mRNA in the fertilized eggs by immunoprecipitation with
anti-CiYB1 serum, followed by RT-PCR (Fig. 6D).
It is known that the integrity of cytoskeletal components
is required for the cytoplasmic segregation and that the
translocation of the postplasmic mRNAs is inhibited by
preventing the cytoplasmic segregation (Sasakura et al.,
2000; Yoshida et al., 1997). We tested whether CiYB1
protein still associates with Cipem mRNA when the post-
plasmic localization of Cipem mRNA is inhibited. The eggs
were cultured in the presence of nocodazole, which binds to
tubulin and disrupts microtubules, during the second phase
of the segregation. The eggs treated with nocodazole
inhibited the translocation of Cipem mRNA from the
vegetal pole to the posterior-vegetal region (Fig. 6F).
However, as shown in Figs. 6E and G, in the nocodazole-
treated eggs, CiYB1 protein still maintained the colocaliza-Fig. 7. Colocalization of CiYB1 with postplasmic mRNAs. Temporal and spatial e
examined by whole-mount in situ hybridization and immunocytochemistry in the e
and in 16-cell embryos (E–L). Vegetal side is bottom in A–C, E–G, and I–K. Pos
bottom in E–G and I–K. For analysis of the pattern of distribution of Ci-macho1
DIG-labeled Ci-macho1 RNA probe (red; B and F) and CiTBB1 probe (red; J) and t
This was followed by immunocytochemical analysis with anti-CiYB1 antibody an
Merged images are shown in C, G, and K. The posterior cytoplasm, so-called my
white arrowheads, respectively. Scale bars are 25 Am. The association of CiYB1
using an immunoprecipitation assay. Lysates were immunoprecipitated with anti-C
macho1- and CiTBB1-specific primers. RT-PCR was performed using total RN
antibody (lane 2), RNA from the immunoprecipitates with preimmune serum (l
without reverse transcriptase for cDNA synthesis (lane 4).tion with Cipem mRNA in the vegetal pole. Cipem mRNA
was co-immunoprecipitated with CiYB1 from the lysate of
the nocodazole-treated eggs, suggesting the Cipem mRNP
was still intact after nocodazole treatment (Fig. 6H).
In the 16-cell stage embryo, as shown by the immunos-
taining of sections (Fig 3), CiYB1 distributed in the cyto-
plasm of every blastomere and was particularly abundant in
the CAB (Figs. 6I and M). The CiYB1 signals in the CAB
clearly overlapped with those of Cipem mRNA detected by
in situ hybridization (Figs. 6K and O). By immunoprecip-
itation with anti-CiYB1 serum and RT-PCR analysis, we
found that other mRNAs including h-tubulin mRNA,
CiTBB1, and another postplasmic mRNA, Ci-macho1, are
also associated with CiYB1 in the fertilized egg and the 16-
cell stage embryo (Figs. 7D, H, and L, data not shown). We
then examined the localization of CiYB1 protein and these
mRNAs. CiYB1 protein was colocalized with Ci-macho1xpression patterns of mRNAs and CiYB1 protein and their association were
ggs after the completion of the second segregation after fertilization (A–D)
terior side is right in A–C. E–G and I–K are vegetal view. Posterior side is
and CiTBB1 mRNAs and CiYB1, eggs and embryos were hybridized with
he labeling visualized using anti-DIG antibody-conjugated Alexa Fluor 568.
d secondary antibody conjugated with Alexa Fluor 488 (green; A, E, and I).
oplasm (A–C), and the CAB (E–G and I–K) are indicated by yellow and
with Ci-macho1 RNA (D and H) and CiTBB1 RNA (L) in vivo was tested
iYB1 antibody and the associated mRNAwas detected by RT-PCRusing Ci-
A (lane 1), RNA isolated from the immunoprecipitates with anti-CiYB1
ane 3), and RNA from the immunoprecipitates with anti-CiYB1 antibody
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of the second segregation and within the CAB in the 16-cell
stage embryo (Figs. 7A–C and E–G). In contrast, CiTBB1
mRNA distributed to every blastomere but was not concen-
trated to the CAB in the 16-cell stage embryo (Fig. 7I–K).
Our analyses demonstrated that CiYB1 protein was associ-
ated and colocalized with Cipem and Ci-macho1 mRNAs
within the myoplasm and within the CAB in the early stages
of embryogenesis, during which the localization of these
mRNAs is established.
Translational regulation by CiYB1
Cipem mRNAwas detected by Northern blotting only in
the mRNP fractions of the Nicodenz gradient of the gonad,
suggesting that it was translationally dormant (Fig. 4E).
Based on these findings, we examined the translational
regulation of Cipem mRNA with CiYB1 protein. First we
tested whether the recombinant CiYB1 binds to Cipem
mRNA synthesized in vitro in a gel retardation assay (Fig.
8A). Titration of CiYB1 protein resulted in gradual mobility
shifts of 32P-labeled Cipem mRNA in an agarose gel
electrophoresis. Presumably, the more CiYB1 is included
in the binding reaction mixture, the more CiYB1 molecules
associated with a single mRNA. The probe RNA bound to
CiYB1 was detected as a discrete band rather than a ladderFig. 8. Reconstitution of the CiYB1 protein–mRNA complexes and translationa
CiYB1 or CiGRP1 protein. 32P-labeled Cipem mRNA and the indicated amount
agarose gel. Ori points the position of the gel wells. (B) Translational repression o
incubated with wheat germ extracts. Translational products were analyzed by SDS-
in lane 1 (for lanes 2–6) and lane 7 (for lanes 8 and 9), which were 100%, is sho
analyzed in an agarose gel containing formaldehyde. (C) Translational repression
complexes prepared as described in Materials and methods were incubated with wh
quantified. Relative translational activity normalized to the value in lane 1, which
was recovered and analyzed in an agarose gel containing formaldehyde.or smear in the gel (lanes 3–6), suggesting the formation of
fairly uniform CiYB1–mRNA complexes by the coopera-
tive RNA binding activity of CiYB1 in each condition.
Aliquots of reaction mixtures for the formation of the
CiYB1–mRNA complex were added to an in vitro transla-
tion system with wheat germ extracts (Fig. 8B). Formation
of the CiYB1–mRNA complexes led to the progressive
repression of Cipem protein synthesis. The slight increase in
translational activity at a low CiYB1–mRNA ratio was
reproducible. Similar translational regulation by the Y-box
protein was shown for rabbit YB1 (Evdokimova et al.,
1998). The translational repression was not attributable to
mRNA degradation since the template Cipem mRNA was
not degraded but stabilized by incubation with CiYB1
during the translation reaction (Fig 8B, bottom). We ob-
served a similar translational repression of Cipem mRNA on
the addition of CiYB1 protein to rabbit reticulocyte lysates
(data not shown). Moreover, the translational repression is
specifically mediated by CiYB1 since the addition of
CiGRP1, another RNA binding protein in C. intestinalis
(Tanaka et al., 2000), had no or even stimulatory effect on
translation of Cipem mRNA (Fig. 8B). Finally, we exam-
ined whether CiYB1 also affects translation of nonlocalized
mRNA. When CiYB1 was added to the translation reaction
at more than 50-fold molar excess to template mRNA, the
translation of CiTBB1 mRNA as well as Cipem mRNA wasl repression. (A) Gel retardation assay of Cipem mRNA complexed with
s of CiYB1 or CiGRP1 protein were incubated and electrophoresed in an
f Cipem RNA by CiYB1 protein. The reaction prepared as in A was further
PAGE and quantified. Relative translational activity normalized to the value
wn in boxes. After the translation reaction, Cipem RNAwas recovered and
of CiTBB1 RNA by CiYB1 protein. The CiYB1 protein–CiTBB1 mRNA
eat germ extracts. Translational products were analyzed by SDS-PAGE and
was 100%, is shown in boxes. After the translation reaction, CiTBB1 RNA
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CiYB1 results in translational repression of mRNA in
general (Fig. 8C).Discussion
CiYB1 regulates translation as a component of maternal
mRNPs
In this study, we demonstrated that CiYB1 protein is a
major component of mRNPs in C. intestinalis gonad. To our
knowledge, this is the first study to analyze the components
of mRNPs in ascidians. Y-box proteins have been identified
as a component of cytoplasmic mRNPs in a variety of cells,
including female and male germ cells (Deschamps et al.,
1992; Herbert and Hecht, 1999; Mansfield et al., 2002;
Murray et al., 1992; Tafuri et al., 1993). Two proteins, 50
kDa and 70 kDa, are common major components of
cytoplasmic mRNPs in somatic cells of different organisms.
The 50-kDa protein was identified to be a Y-box protein
YB1, whereas the 70-kDa protein is the poly(A) binding
protein (PABP) that associates with the poly(A)+ tails of
mRNA (Evdokimova et al., 1995). PABP is little expressed
in Xenopus oocytes, where instead an embryonic poly(A)
binding protein ePAB has recently been identified (Voeltz et
al., 2001). A DEAD-box RNA helicase Xp54/Me31B was
recently identified as one of the components of maternal
mRNPs in Xenopus and Drosophila oocytes (Ladomery et
al., 1997; Nakamura et al., 2001). By searching the
expressed sequence tag database of C. intestinalis, we have
found homologues of Xp54/Me31B and PABP in the gonad
cDNA library (Nishikata et al., 2001; Satou et al., 2002b,
data not shown). It is still important to further identify
components of maternal mRNPs by using the fractions from
oligo(dT) chromatography (Fig. 2) or by biochemical frac-
tionation of the Ciona lysates.
The amount of CiYB1 decreased as the development
proceeded. By fractionation through a Nicodenz density
gradient, we found a significant change in the distribution
of CiYB1 protein as the oocyte matured. In the gonad,
CiYB1 mostly associated with free mRNPs that are not
associated with ribosomes; while in unfertilized eggs, it
was detected both in the mRNA-free fraction and in the
fraction cosedimenting with ribosomes. Although the trans-
lational activity of maternal mRNAs in unfertilized ascidian
eggs has not been explored, the dissociation of Y-box
proteins from stored mRNA is likely to allow translational
activation of the mRNA. One proposed mechanism to
release stored mRNPs to translational machinery is dephos-
phorylation of Y-box proteins, as Y-box proteins are
phosphorylated in Xenopus oocytes (Kick et al., 1987).
Some mRNA and CiYB1 were recruited to ribosomes,
suggesting that the mRNAs are translationally activated
upon oocyte maturation and CiYB1 is related to the
activation of their translation.It has been shown that FRGY2 and YB1 repress trans-
lation using in vitro translation systems (Evdokimova et al.,
2001; Kick et al., 1987; Matsumoto et al., 1996). By the
immunodepletion of endogenous YB1 protein from rabbit
reticulocyte lysates, rabbit YB1 was shown to regulate
translation positively or negatively depending on the ratio
of Y-box protein to mRNA (Evdokimova et al., 1998). The
addition of exogenous Y-box proteins to undepleted lysates
at a high protein–mRNA ratio results in a repression of
translation by inhibiting the formation of the 48 S initiation
complex (Pisarev et al., 2002). Furthermore, in a recent
study, we showed that the titration of FRGY2 proteins
results in the formation of complexes with mRNA in which
the mRNA is packaged and translationally repressed (Mat-
sumoto et al., 2003). Using the same conditions as in the
case of FRGY2, we observed that formation of a CiYB1–
Cipem mRNA complex caused translational repression in
vitro. These results support the idea that most maternal
mRNAs are sequestered from the translation machinery and
stably stored in mRNPs, at least in part, due to their
association with CiYB1 in the oocytes (Fig. 4).
CiYB1 associates with the localized mRNAs
Since mRNA localization was first described in the
ascidians (Jeffery et al., 1983), the molecular mechanisms
underlying RNA localization in oocytes and embryos has
been studied extensively in Xenopus and Drosophila
(reviewed by Kloc et al., 2002; Palacios and St. Johnston,
2001). The coupling between RNA localization and trans-
lational activity in particular has been a focus of study, as
the localization of RNA is clearly an effective way to make
encoded proteins target specific regions of a cell (Wilhelm et
al., 2000; reviewed by Lipshitz and Smibert, 2000). In
Xenopus, the translational product of Vg1 mRNA, a member
of the TGF-h family signaling molecules, is first detected in
oocytes at stage IV, until which time oocyte Vg1 mRNA has
been localized to the vegetal cortex (Melton, 1987; Weeks
and Melton, 1987). In the case of Drosophila osker mRNA,
it has been shown that translational activation is coupled to
localization at the posterior pole of the oocyte (reviewed by
Johnstone and Lasko, 2001). Before the localization, trans-
lation of D. osker mRNA is repressed through the binding of
Bruno protein to its 3V UTR (Kim-Ha et al., 1995). In the
ascidians, experimental data showing the importance of the
postplasmic mRNAs, including macho-1 mRNA, is being
accumulated (e.g., see Nishida and Sawada, 2001). An
essential role for cytoskeletal components in the localization
of mRNA has been established (Sasakura et al., 2000;
reviewed by Johnstone and Lasko, 2001; King et al.,
1999). The ascidian postplasmic mRNAs are divided into
two classes according to the timing of the localization and
sensitivity to cytoskeleton depolymerizing drugs (Sasakura
et al., 2000). Our results in this study suggest that Cipem
mRNA belongs to the type I postplasmic mRNA. Since
CiYB1 remained associated with Cipem mRNA after noco-
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proteins appears to be transported to the posterior-vegetal
region of the egg as an entity and is stable irrespective of the
integrity of microtubules.
The strong immunofluorescence signal for CiYB1
detected in the posterior-vegetal region of the fertilized eggs
behaved in the same manner as Cipem mRNA. It was shown
that only 5% of total poly(A)+ RNA is found in the
myoplasm when the spatial distribution of mRNA in the
egg of the ascidian, Styela plicata, was determined by in situ
hybridization with poly(U) (Jeffery et al., 1983). It is
therefore likely that a large number of CiYB1 proteins
associate with such a specific subset of mRNA as the type
I postplasmic mRNA within the myoplasm. This does not
necessarily mean, however, that CiYB1 specifically and
exclusively associates with the postplasmic mRNAs. All
maternal mRNAs in oocytes that we have examined asso-
ciated with CiYB1 (Fig. 7 and our unpublished results).
This may reflect the distribution of CiYB1 in the entire egg
cytoplasm and in the cytoplasm of every blastomere in the
16-cell stage embryo. In any case, our results showing the
association of CiYB1 with a postplasmic RNA imply that
CiYB1 is likely to play a role in the translational control and
stabilization of the mRNA during transport as well as at the
destination. As discussed above, the ratio of Y-box protein
to mRNA determines the translational activity of the
mRNA. Low concentrations of Y-box protein stimulate
translation in vitro, but higher concentrations are repressive.
Hence, one possibility is that during the transport of post-
plasmic mRNAs, CiYB1 represses translation by associat-
ing at high CiYB1–mRNA ratios. In contrast, after the
mRNA arrives at the destination, the mRNPs might be
remodeled so that translation of the mRNA is activated.
We found that at the 16-cell stage of embryogenesis,
CiYB1 protein was concentrated at the CAB. The CAB is a
unique structure that we previously identified in the poste-
rior cortex of the posterior-most blastomere pair (Hibino et
al., 1998). It is recognizable as a structure with high
refraction under a differential interference contrast micro-
scope by extracting the ascidian eggs with a buffer contain-
ing Triton X-100. Loss of the CAB resulted in the
abolishment of unequal cell division in the posterior-most
blastomeres (Nishikata et al., 1999). The CAB likely func-
tions as a machinery attracting the centrosome and the
nucleus to the posterior side by shortening the microtubule
bundles that are formed between the centrosome and the
CAB. It is tempting to speculate that the CAB contains the
germ plasm, the specialized cytoplasm essential for germ
cell fate. mRNAs that encode proteins specific to germ line
cells, such as the vasa-homologue CiVH, are localized to the
CAB (Takamura et al., 2002). The results outlined in this
paper suggest that CiYB1 is associated with at least two of
these CAB-localized mRNAs. The molecular mechanisms
under which these mRNAs are transported to the CAB are
unknown. While this manuscript was under revision, Sardet
et al. (2003) reported that HrPEM and macho 1 mRNAs inH. roretzi associate with cortical rough endoplasmic retic-
ulum (cER) network in egg. They proposed that these
postplasmic mRNAs concentrate in posterior blastomeres
through compaction of the cER to the CAB. The CAB was
continuously present at the posterior cortex throughout the
8- to 32-cell stages and was observable until the gastrula
stage. At the late 2-cell stage, the precursors of the CAB
were recognizable as dozens of small dots with high
refraction in the posterior-vegetal cortex (Hibino et al.,
1998). Although it is still not clear when the Ci-macho1
mRNA is translated, it actually functions in muscle deter-
mination before the 16-cell stage (Nishida, 2002b). It is
reasonable to speculate that CiYB1 detected at the CAB is
involved in the mobilization of these mRNAs to the trans-
lational machinery. Alternatively, CiYB1 at the CAB may
function in translational repression or stabilization of anoth-
er class of CAB-localized mRNAs that are still sequestered
from the translational machinery during the early stages of
embryogenesis by packaging them into inactive mRNPs.
In summary, we revealed that among three Y-box pro-
teins in C. intestinalis, CiYB1 is the one associated with
mRNAs in the gonad and during early development. Our
finding that the the association of postplasmic mRNAs with
CiYB1 may be of relevance in that CiYB1 protein is
involved in the stabilization and temporal and spatial
translational control of these mRNAs.Acknowledgments
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